We investigated whether this cranial subcircuit is a general feature of vertebrates by examining whether lampreys possess a homologous spatiotemporal regulatory state. Taking a candidate approach, we analysed the expression of cranial crest subcircuit orthologues in lamprey
The neural crest, an embryonic stem-cell population, is a vertebrate innovation that has been proposed to be a key component of the 'new head', which imbued vertebrates with predatory behaviour 1, 2 . Here, to investigate how the evolution of neural crest cells affected the vertebrate body plan, we examined the molecular circuits that control neural crest development along the anteroposterior axis of a jawless vertebrate, the sea lamprey. Gene expression analysis showed that the cranial subpopulation of the neural crest of the lamprey lacks most components of a transcriptional circuit that is specific to the cranial neural crest in amniotes and confers the ability to form craniofacial cartilage onto non-cranial neural crest subpopulations 3 . Consistent with this, hierarchical clustering analysis revealed that the transcriptional profile of the lamprey cranial neural crest is more similar to the trunk neural crest of amniotes. Notably, analysis of the cranial neural crest in little skate and zebrafish embryos demonstrated that the transcriptional circuit that is specific to the cranial neural crest emerged via the gradual addition of network components to the neural crest of gnathostomes, which subsequently became restricted to the cephalic region. Our results indicate that the ancestral neural crest at the base of the vertebrate lineage possessed a trunk-like identity. We propose that the emergence of the cranial neural crest, by progressive assembly of an axial-specific regulatory circuit, allowed the elaboration of the new head during vertebrate evolution. Gans and Northcutt' s 'new head' hypothesis proposed that the emergence of the vertebrate lineage was accompanied by the advent of the neural crest (NC), a stem-cell population that arises within the forming central nervous system (CNS) in all vertebrates 1, 2 . These cells subsequently leave the CNS, migrate to diverse locations and differentiate into many tissues, including peripheral ganglia and the craniofacial skeleton 4, 5 . As vertebrates evolved, NC cells contributed to morphological novelties such as jaws, which enabled the expansion of vertebrates.
It has been proposed that a pan-vertebrate NC gene regulatory network (GRN), which invokes sequential deployment of signalling and transcriptional events, underlies the formation of this cell type. The core of the NC GRN is largely conserved across vertebrates, including the sea lamprey Petromyzon marinus, a jawless (cyclostome) vertebrate, and has been primarily studied at cranial levels. However, key transcription factors such as Ets1 and Twist are deployed later in the lamprey GRN than in amniotes 6, 7 , suggesting that there are regulatory differences between cyclostomes and gnathostomes. Furthermore, some NC derivatives are unique to gnathostomes, including jaws at cranial levels, a vagal-derived enteric nervous system, and sympathetic ganglia at trunk levels 8, 9 . This raises the possibility that network differences in axial regionalization of the neural crest may have contributed to the presence of these gnathostome cell types.
In jawed vertebrates, the NC is subdivided along the body axis into cranial, vagal, and trunk subpopulations 5 . By contrast, lampreys lack an intermediate vagal population, suggesting that there are two major subpopulations: cranial and trunk 8 . It is unclear how axial identity in the lamprey is controlled at a molecular level. Avian embryos possess a 'cranial crest-specific' NC GRN subcircuit that can drive the differentiation of trunk NC into ectomesenchymal derivatives 3 . In this subcircuit, the transcription factors Brn3c, Lhx5, and Dmbx1 are expressed at the neural plate border and, in turn, activate the expression of Sox8 in the premigratory cranial NC and Ets1 in the migratory cranial NC (Fig. 1a ). By contrast, the pan-NC genes Tfap2b and Sox10 are expressed all along the body axis 10 .
Article embryos at different developmental stages. In contrast to amniotes, in lampreys the premigratory and migratory NC did not appear to express Brn3, Lhx5, Dmbx1, or Ets1 (Fig. 1b ). The lack of most cranial-specific regulatory factors suggests a high degree of divergence between the early regulatory states of the lamprey and amniote NC. By contrast, SoxE1 and Tfap2 were robustly expressed in premigratory and migratory NC along the entire lamprey body axis ( Fig. 1b , Extended Data Fig. 1a-d ). No SoxE family member was restricted in expression to the cranial NC, as Sox8 is in amniotes. Of note, lamprey SoxE transcription factors are homologous to gnathostome Sox8, Sox9 and Sox10, and SoxE paralogue usage varies across gnathostomes [11] [12] [13] . Consistent with the lack of restricted 'cranial-specific' expression, ectomesenchymal derivatives have been found at trunk levels in the lamprey dorsal fin 9 .
How then did this regulatory subcircuit evolve? Notably, genes from the amniote cranial crest subcircuit are present in the lamprey genome but are expressed later in pharyngeal arches populated by NC cells (Fig. 1c, d , Extended Data Figs. 1e-l, 2). An intriguing possibility is that these genes were expressed only in late NC derivatives of early vertebrates and were gradually co-opted to earlier developmental stages in gnathostomes. According to this scenario, genes involved in NC differentiation in early vertebrates were co-opted to the specification program of gnathostomes at all axial levels. With subsequent regulatory modifications, they became cranially restricted, possibly endowing the cranial NC with novel morphogenetic features while the trunk NC lost the ability to make cranial-like derivatives 14, 15 .
Skates add Ets1 to cranial NC subcircuit
To explore the transcriptional landscape in a basal jawed vertebrate, we examined candidate elements of the cranial NC subcircuit in the little skate Leucoraja erinacea, a member of a chondricthyan gnathostome outgroup to the bony fishes. Sox9 and Sox10 of the SoxE genes, as well as Tfap2b and Ets1, were expressed at all axial levels and not restricted to the cranial crest ( Fig. 2a , Extended Data Fig. 3 ). Because Ets1 appears in the little skate migratory NC, as in other gnathostomes, we conclude that this early node was a novelty acquired by the NC GRN before the divergence of cartilaginous and bony fishes ( Fig. 2a , b, Extended Data Fig. 3 ). Later, after NC cells had migrated to and populated the pharyngeal arches, SoxE, Tfap2b, and Ets1 were expressed within the arches (Extended Data Fig. 4 ). Trunk NC cells in the little skate give rise to ectomesenchymal dermal denticles ('cranial-like' derivatives), consistent with our observation that cranial subcircuit genes in the little skate are not restricted to the head but can drive the differentiation of skeletogenic derivatives in the trunk 16 . In the fossil record, many stem-gnathostomes possessed extensive dermal armour, which has been retained, albeit with the dental component reduced and modified, within the gnathostome crown group (for example, the dermal denticles of chondrichthyans and the dentinous scales of Polypterus and coelacanth). Thus, dental tissues in the postcranial dermal skeleton appear to be ancestral for gnathostomes.
Further elaboration of the NC subcircuit
Notably, in the teleost Danio rerio (zebrafish), lhx5 and dmbx1 are expressed in the early cranial circuit but not in later pharyngeal arch derivatives ( Fig. 2c, d , Extended Data Figs. 5, 6). In addition, sox8b, sox10, tfap2a, and ets1, but not brn3c (also known as pou4f3) are expressed in premigratory and migratory crest at all axial levels ( Fig. 2c , Extended Data Fig. 5 ). Rather than being restricted to the cranial NC, many of these factors are also expressed in the zebrafish trunk, raising the possibility that the resolution of axial level potential may have arisen within sarcopterygians. Furthermore, in situ analysis of pharyngeal arch derivatives in both little skate and zebrafish lend support to temporal shifts of cranial specific regulatory nodes from later NC derivatives to an early specification program (Extended Data Figs. 4, 6) . With loss of nodes from late derivatives and addition to an earlier program, this suggests that regulatory modifications arose gradually throughout gnathostome evolution (Extended Data Fig. 1m ).
Lamprey cranial NC is more trunk-like
Our candidate gene approach suggests that extensive changes occurred in the NC regulatory state between jawless and jawed vertebrates. To investigate further, we conducted a comparative transcriptome analysis of cranial and trunk NC subpopulations in lamprey and chicken ( Fig. 3 ). We obtained premigratory lamprey NC by micro-dissecting segments of cranial and trunk dorsal neural tubes at Tahara stages T21 and T23.5. For chick, we isolated premigratory NC populations using enhancers that drive eGFP expression in cranial or trunk neural crest populations for fluorescence-activated cell sorting (FACS) at Hamburger-Hamilton stages HH9+ and HH18, respectively. After cDNA library preparation and sequencing, differential expression analysis showed that far fewer genes were significantly enriched in lamprey cranial NC versus trunk NC, compared with chick cranial NC versus trunk NC (1,233 genes in lamprey compared with 2,794 in chicken; Fig. 3a, b ).
To better understand how each library correlated to the others in an unbiased fashion, we mapped each to a common reference Pm Article transcriptome, created by aligning proteomes using BLAT 17 and compiling matching sequences as a consensus alignment between species for Bowtie mapping ( Supplementary Table 1 ). We next performed hierarchical clustering analysis of all known NC GRN genes ( Fig. 3c ). Consistent with our previous in situ hybridization analysis (Fig. 1b) , Tfap2 (known as TFAP2A in chicken) was enriched at all axial levels in both chicken and lamprey, SOX8 was enriched in chicken cranial NC but in both cranial and trunk lamprey populations, and DMBX1 and ETS1 were enriched in chick but not lamprey cranial datasets (Fig. 3c) .
Notably, we found that lamprey cranial NC populations correlated more closely to chicken trunk than lamprey trunk libraries, suggesting that basal NC was 'trunk-like' in its regulatory program (Fig. 3c) . These results suggest that cyclostomes possess a simpler and more trunk-like cranial crest GRN, with potentially important implications for the evolution of NC subpopulations (Fig. 4a ). Accordingly, we speculate that the ancestral neural crest may have been relatively homogeneous and trunk-like. Throughout evolution of the vertebrate lineage, we propose that key transcription factors were progressively co-opted into an early, cranially restricted circuit, whereas some features, such as skeletogenic potential, were lost from the trunk.
Conclusions
The differences in expression of axial level-specific genes contrast with the deep conservation of the pan-NC program 6, 18 . Transcription factors such as SoxE genes, Tfap2, and Id may be the rudiments of a larger, more complex cranial crest GRN that was expanded during early vertebrate evolution with the incorporation of genes such as Dmbx1, Brn3c, Ets1, and Lhx5. Consistent with these findings, the basal chordate amphioxus lacks expression at the neural plate border of genes such as Dmbx, Brn3, and Ets, as well as core NC genes such as SoxE, FoxD, Tfap2, and Id, although these genes are expressed in other tissues [19] [20] [21] [22] . Our observations also show that some of these 'novel' genes are expressed at later stages of NC formation in lamprey, consistent with the possibility that elaboration of the GRN might have involved the co-option of parts of differentiation programs to earlier portions of the network, perhaps by acquisition of new regulatory elements responsible for their heterochronic shift 23 . Thus, the pan-NC program was probably the ancestral molecular recipe to make the NC, with the subsequent elaboration of axial level-specific regulatory programs conferring important differences in developmental potential along the body axis. Given that many key NC derivatives are gnathostome innovations, we hypothesize these derivatives may have been gained as the result of gene regulatory differences associated with axial level-specific regulatory programs.
Together, our results suggest the following scenario to explain the evolution of NC subpopulations (Fig. 4 ). We suggest that the NC of early vertebrates was uniform and similar to amniote trunk populations, and that the division of the NC into cranial and trunk subpopulations occurred early in vertebrate evolution (Fig. 4a ). Consistent with evolutionary expansion of NC cells in the vertebrate lineage, our molecular analysis of the cranial NC reveals unexpected differences between lampreys and their gnathostome counterparts (Fig. 4b) . Given that the Hox code was already linked to segmentation of the CNS in basal vertebrates, posteriorizing influences of Hox genes and other factors may be sufficient to account for the subtle transcriptional differences observed between these two populations 24, 25 . We cannot rule out the possibility that cyclostomes lost NC subpopulations during the course of evolution. However, the relative scarcity of cranial NC-specific subcircuit factors in the lamprey cranial crest might suggest that the gnathostome cranial NC GRN has undergone extensive elaboration from a regulatory standpoint. Thus, we propose that regionalization of the NC, with both emergence of new subpopulations and expansion of the cranial crest GRN, was a key element for driving the evolution and expansion of gnathostomes during vertebrate evolution.
What does this mean for the new head hypothesis? We posit that the NC component of the new head, rather than arising in toto at the base of the vertebrate lineage, underwent continued regulatory modifications, evolving gradually during the course of vertebrate evolution. Our data suggest that early vertebrates possessed a relatively simple NC that initially arose as a fairly uniform population along the body axis and lacked region-restricted regulatory programming. During gnathostome evolution, the cranial NC appears to have gained regulatory complexity that modulated its differentiation capacity, gaining some individual cell fates while restricting others. We propose that co-option of distinct genes into a cranial NC-specific module enabled this progressive specialization of NC regulatory programs, leading to the specific axial subpopulations and morphological novelties of the gnathostome body plan.
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Methods

Animal husbandry and embryo collection
Adult sea lamprey were obtained from the US Fish and Wildlife Service and Department of the Interior. Embryos were cultured according to previously published protocols and staged according to Tahara staging methods 12, 26 . All lamprey embryology work was completed in compliance with California Institute of Technology Institutional Animal Care and Use Committee (IACUC) protocol 1436. Skate eggs were obtained by the Marine Biological Laboratory (MBL) Marine Resource Center, and embryos were cultured as previously described 16 . All skate embryology work was compliant with animal protocols approved by the IACUC at the MBL. Adult zebrafish were maintained in the Beckman Institute Fish Facility at Caltech, and all animal and embryo work was compliant under approved IACUC protocol 1346. Fertilized chicken eggs were obtained from a local farm in Sylmar, CA. No statistical methods were used to predetermine sample size for analyses. For in situ hybridization, embryos were pooled from different breeding pairs (fish), brooding stocks (skates), or embryo batches (lamprey) to ensure replication of results in multiple fixed collections.
Cloning of lamprey, skate, and zebrafish orthologues
RNA was extracted from desired embryo stages using the RNAqueous-Micro Kit (Thermo Fisher Scientific), and cDNA was synthesized using a SuperScript III Reverse Transcriptase Kit (Invitrogen). The 
Phylogenetic analysis of Dmbx proteins
Candidate Dmbx sequences were assembled as an ungapped Fasta file and imported into the TCoffee server (http://tcoffee.crg.cat) and processed using default parameters in an Expresso (http://tcoffee.crg. cat/apps/tcoffee/do:expresso) into a protein alignment [27] [28] [29] [30] [31] . The TCoffee fasta alignment was imported into MegAlign Pro (DNAstar ver 15.0.0) and ambiguous regions with poor alignment scores were removed, leaving only large, contiguous regions of well-aligned sequence. This alignment of 218 amino acid resides was exported in nexus format. The start of the P. marinus sequence is missing, and so residues were recoded from gaps to indicate missing sequence. The file was modified to include a MrBayes block, with aamodellpr = mixed, stopval = 0.01, ngen = 200000, and burninfrac = 0.25. The file was executed within MrBayes3. Fig. 2 ). NCBI accession numbers or Ensembl identifiers for Dmbx sequences used in phylogenetic analyses are as follows: XP_003725762.1 (S. purpuratus); NP_001161526.1 (S. kowalevskii); AAT66431.1 (B. floridae); Ensembl ENSPMAG00000008114 (P. marinus); XP_020369662.1 (R. typus); AAI34895.1 (Dmbx1a, D. rerio); NP_001017625.1 (Dmbx1b, D. rerio); XP_017949066.1 (X. tropicalis); XP_001234036.2 (G. gallus); NP_671725.1 (H. sapiens).
In situ hybridization, sectioning, imaging, and biotapestry modelling
Whole mount in situ hybridization was performed using previously published protocols 8, 16 . Cryosections of lamprey, skate, or zebrafish embryo in situs were sectioned at 18 µm with a Microm HM550 cryostat. In situ analysis of S25 skate embryos sections was performed using paraffin sections as follows: after fixation, embryos were embedded in paraffin and sections were prepared at 5-µm thickness on a Zeiss microtome. After paraffin removal with histosol, sections were hybridized with 1 ng/µl antisense digoxygenin-labelled probes overnight at 70 °C in a humidifying chamber. After hybridization, sections were washed with 50% formamide/50% 1× SSCT buffer followed by washes with MABT and a blocking step in 1% Roche blocking reagent. Sections were then incubated overnight at room temperature with a 1:2,000 dilution of anti-DIG-alkaline phosphatase antibody (Roche). After several washes with MABT, chromogenic colour was developed using NBT/BCIP precipitation (Roche). Imaging was performed on a Zeiss AxioImager.M2 equipped with an Apotome.2. Gene network models were assembled using Biotapestry 32 .
Chicken embryo electroporation, dissociation, and cell sorting
Cranial and trunk NC cells were labelled using the previously published NC enhancers FoxD3-NC1.1 and FoxD3-NC2, respectively 33 . To isolate cranial NC cells, stage HH4 embryos were bilaterally electroporated with FoxD3-NC1.1>eGFP and cultured ex ovo until stage HH9+ 34 . For each biological replicate, at least 15 embryo heads were dissected in Ringer's solution and washed three times in chilled 1× PBS. For trunk NC cells, stage HH10 embryos were bilaterally electroporated with FoxD3-NC2>eGFP and cultured in ovo until stage HH18. Five embryo trunks spanning the length of five somites were dissected in Ringer's solution and washed three times in chilled 1× PBS. The tissues were dissociated in Accumax (Innovative Cell Technologies, Inc.) for 15 min at 37 °C and GFP + cells were collected using FACS.
Library preparation and sequencing
Chicken libraries were prepared using the SMART-Seq Ultra Low Input RNA Kit (Takara) according to the manufacturer's protocol. For lamprey embryos, tissue was dissected from the cranial dorsal neural tubes of n = 100 T21 and trunk neural tubes of n = 100 T23.5 embryos. Total RNA was extracted using the RNAqueous kit (Ambion). RNA-seq was performed at the Millard and Muriel Jacobs Genetics and Genomics Laboratory (California Institute of Technology, Pasadena, CA) at 50 million, single-end reads on two biological replicates for both the 1 nature research | reporting summary A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Replication
Chicken RNAseq libraries were collected in triplicate for biological replicates. Lamprey RNAseq libraries were collected with replicates, as well, for biological replicates. All attempts at replication were successful. For in situ hybridization, embryos were pooled from different breeding pairs (fish), brooding stocks (skates), or embryo batches (lamprey) to ensure replication of results in multiple fixed collections. All in situ expression patterns were replicated 100% over multiple rounds of in situs.
Randomization Chicken eggs obtained from a local chicken farm were incubated in multiple incubators over different days to account for inter-batch variability. Lamprey tissues were collected from different breeding events to account for inter-batch variability.
Blinding
Different batches of chicken embryos were separately incubated in different incubators and electroporated with fresh DNA reporter construct solution. Different breeding pairs for lamprey were used for tissue collections to blind for batch variability. For all trunk libraries, dissections were made at the same somitic levels and not based on reporter expression to ensure blinding in sample collection.
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Laboratory animals
Adult (3 months -2 years of age) Danio rerio, zebrafish, were maintained in the Beckman Institute Fish Facility at Caltech, and all animal and embryo work was compliant under approved IACUC protocol 1346. Adult zebrafish are bred via natural spawning, which is triggered by light-dark cycle. The fish are kept in a specialized recirculating aquatic system with mechanical, chemical, and biological filters to maintain water quality. The water is kept at 28 degrees C and highly oxygenated.
Wild animals
Gravid male and female sea lamprey (Petromyzon marinus) were caught in the wild and provided by the Great Lakes Fishery
